Mizoroki-Heck cross-couplings of aryl halides catalyzed by highly active palladium nanoparticles, immobilized on [bmim] [PF 6 ] films supported on laponite clay, have been investigated. The reactions are performed at 100
Introduction
Immobilization of heterogeneous catalysts is an area of continuous interest due to the advantages of heterogeneous catalysts regarding stability and reuse. In most cases, immobilization is carried out using solid supports, although the use of liquid supports has the advantage of the easier extrapolation of the knowledge of the homogeneous reaction. Among the different liquid supports described, ionic liquids constitute suitable and versatile alternatives due to their immiscibility in both water and some common organic solvents [1, 2] .
Imidazolium ionic liquids display a high degree of structural organization that has been used for the preparation of nanoscale structures. In particular, they have been applied to the synthesis and immobilization of transition metal nanoparticles. During the last years several catalytic systems based on ionic liquid-immobilized nanoparticles have proven to be efficient in several reactions, and some reviews have been published dealing with the preparation, characterization and use of metal nanoparticles in ionic liquids [3] [4] [5] [6] .
Ionic liquids are suitable and recyclable solvents for the Mizoroki-Heck reaction [7] [8] [9] . In this regard, palladium nanoparticles prepared in ionic liquids have proven to be outstanding catalysts for this reaction. As imidazolium ionic liquids are excellent solvents for the stabilization of transition metal nanoparticles [10] , they have been tested in this reaction. 1,3-Dibutylimidazolium ionic liquids were excellent reaction media for the coupling reaction of iodobenzenes with olefins promoted by palladium nanoparticles under ultrasonic activation [11] . Moreover insights into the mechanism and role of Pd-nanoparticles dispersed in imidazolium ionic liquids in this reaction have been described [12] . Tetraalkylammonium salts have also been used as stabilizing agents for metal nanoparticles, and palladium nanoparticles immobilized on tetrabutylammonium bromide (TBAB) have been successfully used in the Mizoroki-Heck reaction [13, 14] .
Supported liquid phases constitute a versatile strategy for the non-covalent immobilization of homogeneous catalysts [15] [16] [17] . In particular, the use of supported ionic liquids improves the handling and allows reducing the amount of these expensive solvents [18] . In this regard, metal nanoparticles dispersed onto supported ionic liquids have been used as alternative catalysts for the Mizoroki-Heck coupling. Thus, Pd-nanocolloids supported in chitosan behave as very efficient and recyclable heterogeneous catalyst in TBAB [19] . It is noteworthy that the same system is not active in imidazolium ionic liquids.
Numerous reports have been published dealing with the good properties, including recyclability, of commercial Pd/C catalysts [20] . A modification of these systems has been described consisting in the use of a commercial Pd/C catalyst in [bmim] [PF 6 ] [21] . The catalyst thus prepared was recyclable after extraction with hexane or ethyl acetate, yield decreasing from 92% in the first run to 80% in the fifth, which was ascribed to the accumulation of Et 3 NH + I -in the ionic liquid phase. Corroborating this hypothesis, the activity of the catalytic phase was restored after washing with water. Solutions of catalysts in ionic liquids have been confined into the pores of amorphous silica and used in several reactions [18] . Some studies suggest that imidazolium ionic liquids are attached to silica mainly by hydrogen bonding between the imidazolium cation and the silanols [22, 23] [25] . Many other solids have been used to prepare supported ionic-liquid phases, such as molecular sieves [26] . diatomaceous earth [27] . and mesoporous silica [28] . Very recently, a palladium complex grafted on SBA-15 and confined in an ionic liquid has led to good results in aqueous phase Suzuki-Miyaura reactions [29] . Surprisingly clays have been scarcely used to support ionic liquids in spite to the fact that their charged sheets may establish strong interactions with the ionic liquid cations, imposing a particular order and allowing using small amounts of solvent. The high surface area and the possible interaction of the catalyst with the clay surface makes this system attractive for catalysis [30] . It may be speculated that these characteristics may also help to stabilize transition metal nanoparticles. In this paper we describe the easy preparation of palladium nanoparticles in [bmim] [PF 6 ] supported on laponite clay, and we show the resulting solids are efficient and highly recyclable catalysts for the Mizoroki-Heck reaction [31] [32] [33] .
Experimental

General
All reagents were purchased from commercial sources (Sigma-Aldrich) and used without further purification, unless otherwise indicated. Deuterated solvents were purchased from Aldrich. All analytical pure reagents were used as solvents. 
Preparation of palladium nanoparticles stabilized with polyvinylpyrrolidone (Pd-PVP NPs)
This nanoparticles synthesis method is based on the reduction of a palladium (II) complex with ethanol [34, 35] . In a 100 ml flask, a 2 mM H 2 PdCl 4 solution was prepared by mixing 35.4 mg of PdCl 2 (0.2 mmol), 2 ml of 0.2 M HCl, and 98 ml of H 2 O. A mixture of 140 ml of H 2 O, 94 ml of ethanol, 444.6 mg of PVP and 100 ml of the 0.02 mM H 2 PdCl 4 solution was refluxed in a 500 ml flask during 3 h under air to synthesize the palladium nanoparticles protected by PVP. The black solution was evaporated at reduced pressure, and the remaining black solid was dissolved in 66 ml of ethanol. The result was a black stable colloidal suspension of Pd-PVP NPs (3 mM) in ethanol. The size distribution was determined by analysis of the TEM images (Fig.  1) . The size range is 0.5−3.5 nm, with a typical value of 1.8±0.6 nm. 
Preparation of palladium nanoparticles stabilized with hexadecylamine (Pd-HDA NPs)
This synthetic method is based in the decomposition of a dinuclear palladium (0) complex by hydrogenation to give the palladium nanoparticles [36] . 150 mg (0.16 mmol) of Pd 2 (dba) 3 , 78 mg (0.31 mmol) of HDA and 20 ml of anhydrous and degassed THF were added in a 15 ml pressure reactor under argon atmosphere. Then, argon was removed under vacuum and H 2 was introduced until reaching a pressure of 3 bar. The reaction was carried out in 20 hours under magnetic agitation at room temperature. After this period of time some precipitate was formed. The reaction mixture and the precipitate were transferred to four centrifugation tubes. Then, 15 ml of hexane were added to each tube and the mixture was centrifuged during 20 min at 6000 rpm. After the centrifugation, the liquid supernatant was removed. This operation was repeated three times, after which the sediment was collected and the remaining solvent evaporated. The result is 40 mg of a black solid composed of extra pure Pd-HDA NPs. The size distribution was determined by analysis of the TEM images (Fig. 2) . The size range is 1−6 nm, with a typical value of 2.8±0.7 nm. 
Preparation of supported nanoparticles Pd-PVP@[bmim][PF 6 ]-laponite
In a 20 ml Schlenk flask, 3 g of laponite, 0.3 ml of [bmim] [PF 6 ], 3 ml of the ethanol colloidal suspension of NPs Pd-PVP (3 mM) and 9 ml of dichloromethane (DCM) were mixed, and the mixture stirred by magnetic agitation during 20 min. After that, ethanol and DCM were removed under reduced pressure. The result was a dusty grey solid consisting of the Pd NPs supported onto the laponite-IL system. The size distribution was determined by analysis of the TEM images (Fig. 3) . The size range is 1−17 nm, with an average value of 4.7±3.6 nm (median value 3.5 nm, mode value 2.5 nm). 
Preparation of supported nanoparticles Pd-HDA@[bmim][PF 6 ]-laponite
In a glovebox, 16 mg of Pd-HDA NPs were dispersed in 6 ml of [bmim] [PF 6 ] under argon atmosphere. Then, 0.3 ml of the resulting mixture were placed in a 20 ml Schlenck flask and dispersed in 3 g of laponite by magnetic agitation during 20 min, using DCM as dispersant agent. After that DCM was removed under reduced pressure, and the supported NPs were isolated as a dusty grey solid. The size distribution was determined by analysis of the TEM images (Fig. 4) . The size range is 1−5.4 nm, with an average value of 2.4±0.8 nm. 
General procedure for Heck coupling reactions
In a 5 ml flask, 0.9 mmol of the corresponding aryl halide, 1.41 mmol of the olefin and 2.15 mmol of triethylamine were mixed. Then, the reagents mixture was transferred through a syringe to a 20 ml Schlenck flask containing 3.41 g of the catalytic system previously prepared. The reaction mixture got completely adsorbed onto the solid. The reaction was carried out in 20 hours at 100 ºC. After this period of time, the solid was cooled to 65 ºC, and washed with hexane (3 x 10 ml). The solid was then dried under reduced pressure to be reused, and the combined extracts containing the reaction products were analyzed by gas chromatography and 1 H-RMN.
Results and discussion
Catalytic tests with Pd-PVP@[bmim][PF 6 ]-laponite
Pd-PVP NPs were prepared in ethanol as described in the Experimental Section and added to 0.1 ml of [bmim][PF 6 ] (0.48 mmol) previously dispersed on laponite (1 g). The ethanol was evaporated under vacuum, giving rise to a free-flowing powder. The surface area of the resulting solid was determined by N 2 adsorption by applying the BET theory, and compared with those of the support and the supported ionic liquid (Table 1) . As can be seen from the results in Table 1 , the formation of the [bmim] [PF 6 ] ionic liquid film on the laponite results in a decrease of the surface area of the solid, which is more marked when a higher amount of ionic liquid is used ( 6 ]-laponite, were tested in the benchmark reaction of iodobenzene with butyl acrylate, in the presence of NEt 3 and without the use of any additional solvent. After 20 h the solid was thoroughly washed with hexane (3 x 10 ml) and the organic extract analyzed by gas chromatography using decane as an internal standard. The results obtained (Table 2) depend on several factors, including the amount of Pd dispersed on the clay and the % mol of catalyst used. All the conditions used led to high yields and complete selectivities, but the results after recovery were worse in most cases, and only by using 1% Pd it is possible to use the catalyst during 14 cycles keeping high yields and complete selectivity (complete results of all reaction cycles are available in the Supplementary Data).
TGA analysis of the fresh catalyst, together with elemental analysis, agrees with the presence of ca. 0.5 mmol of ionic liquid and about 0.1 g of PVP (Fig. 5) . TGA shows the main weight loss near 420 ºC, which may correspond to the ionic liquid phase. The recovered catalyst shows a completely different pattern, whereas the original catalyst loses ca. 20% weight when heated under air up to 600ºC, the loss in the case of the catalyst recovered from the 15 th cycle is 66.5% at 650ºC. Furthermore the main weight loss takes place around 270 ºC (ca. 50% weight). Of course these changes are accompanied from changes in the composition, as established by elemental analysis, with a noticeable increase in the C and N percentages. These changes in TGA suggest a change in the structure of the ionic liquid because of the formation of the ammonium salt as a concomitant byproduct that is not eliminated during the extraction of the reaction products. The amount of Pd, determined by ICP-MS, experiences a noticeable decrease, however conclusions about Pd leaching cannot be easily reached due to the deposition of a large amount of organic materials over the clay. To have a more reliable estimation of the amount of Pd remaining on the clay after 15 uses, we first eliminated all the organic materials by calcination at 550 ºC under air stream. We carry out the same operation on the fresh catalysts (to avoid any perturbation due to the presence of the ionic liquid and the stabilizing agent). The Pd content goes from 0.243 mg/g in the fresh catalyst (theoretical value 0.279) to 0.020 mg/g in the used one. A best estimate can be obtained by comparing the Pd/Mg ratio obtained from the ICP-MS analyses, given that the amount of Mg should remain constant. The results of these experiments are shown in Table 3 , and point to a Pd leaching of ca. 90% (92% using the total Pd content and 88% using the Pd/Mg ratio). This important leaching of Pd could be at the origin of the poor recyclability of catalysts with low Pd load, as previously shown in Table 2 . The leaching of Pd in the first reaction was also determined by analyzing the hexane extraction phase. The amount of Pd in this extract, determined by ICP-MS, was 0.133 mg/g in a total mass of 170 mg. This represents a loss of 0.0226 mg of Pd, i.e. ca. 3% of the initial amount present in the solid (Table 3 ). This result, together the analyses of the exhaust catalyst, points to a continuous Pd leaching along the recycling uses. The presence of Pd in the reaction extract also raises the question of the true heterogeneous character of the catalyst. To test this point, we carried out two different hot filtration tests, by extracting two reactions after 1.5 and 3 h. Then, the hexane was evaporated, and DMF (a solvent commonly used in homogeneous catalysis of Heck reactions) was added. The composition of these solutions was analyzed during six days, and they did not change with regard to those found just after the filtration (Fig. 6) . These experiments seem to indicate that the Pd species responsible for the leaching are not active for the catalysis of the reaction. TEM and SEM micrographs are consistent with TGA and elemental analyses. The comparison between the FESEM micrographs of the freshly prepared and exhaust catalysts reveals that the clay particles tend to disintegrate during use, probably by delamination of their structure (Fig. 7a) . Furthermore, a large amount of Et 3 NH + I − is observed, both as independent particles, and also partially covering the laponite particles (Fig. 7b) . Furthermore, flexible strands appear in some micrographs, which have been assigned to polymers formed during the reaction. In situ X-ray fluorescence elemental analyses corroborate these observations. The comparison of the TEM images illustrates the loss of a large part of the palladium, since in the exhaust catalysts the presence of recognizable nanoparticles is scarce, and most of laponite particles lack Pd NPs (Fig. 8) . In the reactions between iodobenzene and styrene ( Table 4 ) the amount of catalyst is again the most important factor influencing recovery. In this case catalyst recovered after the 12 th cycle loses 55% weight until 660 ºC with a pattern closely similar to the catalyst recovered from the reaction of butyl acrylate. In this case, a lower Pd leaching, ca. 45% was calculated from the ICP-MS analyses after calcination of the catalyst samples (Table 3) . We tried to optimize the reaction time, and after some tests we found that in the reaction of iodobenzene with butyl acrylate, a reaction time of 4 h is enough to reach the total conversion of the limiting reagent. In these conditions, the catalyst could be used 16 times with almost 100% product yield, and still with 89% yield in the 17 th run (Table 5 ) (complete results gathered in the Supplementary Data). Similarly, in the case of the reaction with styrene, the optimal reaction time resulted to be 8 h. In this case, the recoverability was similar to that observed with 20 h reaction time, i.e. 11 uses with total conversion, falling to ca. 50% yield in the 12 th use (complete results gathered in the Supplementary Data).
We also explored the applicability of this catalytic system to other related substrates, such as substituted styrenes and aryl halides. The results of this study are summarized in Table 6 . As can be seen the use of the less reactive aryl bromides requires higher amounts of catalyst and higher reaction temperatures. In spite of this, the catalysts could only be used four times before deactivation, and the yields never reached 100%. No reaction at all was observed when aryl chlorides were used. In the case of the substituted styrenes the results were better, allowing 8-9 uses keeping good yields and selectivities. 
Catalytic tests with Pd-HDA@[bmim][PF 6 ]-laponite
Trying to improve the results we tested a different strategy for the preparation of nanoparticles using a lower amount of a weaker stabilizing agent. In this method Pd nanoparticles were directly prepared by hydrogenation of a dinuclear Pd (0) The solid catalyst was first tested in the coupling reaction of iodobenzene with butyl acrylate (Table 7) . It is worth noting that, although the Pd nanoparticles must be prepared in a glovebox under inert atmosphere when HDA is used as the stabilizing agent, due to its weaker coordinative ability, the supported nanoparticles exhibit a high stability in working conditions, since all the reactions and subsequent work-ups are carried out in the open air, with no indication of catalytic activity loss by surface oxidation of the Pd nanoparticles. It seems then that the support (the ionic liquid film, the laponite or both) plays an additional stabilizing role.
TGA analysis of the fresh catalyst, together with the elemental analysis, agrees with the presence of 0.5 mmol of ionic with the main weight loss near from 420 ºC, which may correspond to the ionic liquid phase. The experimental C/N ratio, 3.9, is close to 4, the theoretical value for [bimim][PF 6 ]. As in the Pd-PVP@[bmim] [PF 6 ]-laponite case, the recovered catalyst shows a completely a different pattern in the TGA. Whereas the original catalyst loses 14% weight when heated under air until 600 ºC, the recovered catalyst after the 17 th cycle loses 70% until 630 ºC. Furthermore the pattern is similar to the previously commented for the Pd-PVP@[bmim] [PF 6 ]-laponite catalyst, and again these changes are accompanied from changes in the elemental analysis, with a noticeable increase in the C and N percentages. In this case the C/N ratio increases to 6, which is the value corresponding to the triethylammonium iodide. The Pd content goes from 0.232 mg/g (theoretical value 0.280) to 0.06 mg/g. However, as mentioned before, the gain of weight in the used catalyst due to the deposition of organic material does not allow a reliable estimation of the Pd leaching with these analyses. We therefore compared the ICP-MS analyses of samples previously calcined at 550 ºC under air stream. The corresponding results are shown in Table 8 . The use of other aryl halides, namely bromobenzene and 4-methoxybromobenzene, was also tested for the cross coupling reaction with butyl acrylate. Unfortunately, yields were low and erratic for the first substrate during five reaction cycles (between 1% and 20%), and no reaction at all was noticed with the second substrate. Therefore, we did not further explore the use of aryl halides other than iodobenzene with this catalyst.
In the reactions between iodobenzene and styrene ( Table 9 ) the amount of catalyst is again the most important factor influencing recovery. In this case catalyst recovered after the 9 th cycle loses ca. 45% weight until 650 ºC with a pattern closely similar to that found in the previous cases. In spite of the lower weight increase because of organic materials, as reveal the TGA, the total Pd content decreases to 0.065 mg/g, far from the initial value of 0.232 mg/g. The analyses of the calcined samples (Table 6 ) allow estimating a total Pd leaching of 66% in the nine runs. The use of this new strategy improves catalyst recovery carrying out the reactions under air and without any additional solvent.
Conclusions
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